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The effect of deletion of the nitric oxide synthase 1 gene (NOS1
2/2
) on radiosensitivity was determined. In vitro, longterm cultures of bone marrow stromal cells derived from NOS1
were more radioresistant than cells from C57BL/6NHsd (wildtype), NOS2 2/2 or NOS3 2/2 mice. Mice from each strain received 20 Gy thoracic irradiation or 9.5 Gy total-body irradiation (TBI), and NOS1 2/2 mice were more sensitive to both. To determine the etiology of radiosensitivity, studies of histopathology, lower esophageal contractility, gastrointestinal transit, blood counts, electrolytes and inflammatory markers were performed; no significant differences between irradiated NOS1 2/2 and control mice were found. Video camera surveillance revealed the cause of death in NOS1 2/2 mice to be grand mal seizures; control mice died with fatigue and listlessness associated with low blood counts after TBI. NOS1 2/2 mice were not sensitive to brain-only irradiation. MnSOD-PL therapy delivered to the esophagus of wild-type and NOS1
2/2 mice resulted in equivalent biochemical levels in both; however, in NOS1 2/2 mice, MnSOD-PL significantly increased survival after both thoracic and total-body irradiation. The mechanism of radiosensitivity of NOS1 2/2 mice and its reversal by MnSOD-PL may be related to the developmental esophageal enteric neuronal innervation abnormalities described in these mice. g 2010 by Radiation Research Society
INTRODUCTION
Mitochondria play a critical role in ionizing radiationinduced apoptosis (1, 2) . Radiation induces both superoxide and nitric oxide, which combine to form the potent oxidant peroxynitrite (3, 4) . Peroxynitrite induces lipid peroxidation of the mitochondrial membrane, leading to release of cytochrome c into the cytoplasm and caspase-mediated apoptosis (2, 5, 6) . Mechanisms to reduce nitric oxide production in mitochondria after irradiation may potentially mitigate the effects of ionizing radiation.
The synthesis of nitric oxide from L-arginine and oxygen is catalyzed by the enzyme nitric oxide synthase (NOS). There are three isoforms of NOS: NOS1 (neuronal NOS), NOS2 (inducible NOS), and NOS3 (endothelial NOS). NOS1 and NOS3 are constitutively expressed, but NOS2 expression is modulated by inflammatory cytokines (7) . The identity of the NOS isoform found in the mitochondria (mtNOS) has been a topic of controversy (8, 9) . In experiments using a probe to detect NO production by the mitochondria, NO was elicited from NOS2 2/2 and NOS3 2/2 but not from NOS1
2/2 mouse-derived mitochondria (10) . These results were corroborated in another study using mass spectrometry, amino acid analysis and analysis of PCR fragments to identify mtNOS as the a splice variant of NOS1 (11) . Mouse knockout strains for each of three isoforms of NOS (12) (13) (14) have been established. NOS2
2/2 mice were indistinguishable from wild-type mice except for the inability of macrophages to generate NO after exposure to lipopolysaccharide (13) . NOS3
2/2 mice were also similar to wild-type mice but displayed significant blood pressure elevation and a lower heart rate, suggesting a role in cardiovascular homeostasis (14) . NOS1 2/2 mice, which display an a splice variant deficiency, showed no significant life shortening, infertility or locomotor abnormalities compared to wild-type mice but did have pyloric stenosis and esophageal dilation (15) .
The diffuse enlargement of the esophagus and stomach with hypertrophy of the pyloric sphincter in NOS1 2/2 mice resembled infantile hypertrophic pyloric stenosis, a condition in which NOS1 expression is reduced (12, 16) . However, NOS1
2/2 mice demonstrated NOS deficiency only at the pylorus (17) . NOS1
2/2 mice also displayed diffuse gastric muscle thickening associated with functional delay in gastric emptying of both solids and liquids (18) . The lower esophageal sphincter in NOS1 2/2 mice demonstrated hypertension and impaired relaxation to swallowing and efferent vagal stimulation resembling achalasia. This abnormality was incomplete, and mice had residual relaxation potential for both swallowing and vagal stimulation (19) . While selective NOS1 disruption depleted NO neurotransmission throughout the gastrointestinal system and manifested as delayed gastric emptying and also showed lower esophageal sphincter hypertension and dilation of both the esophagus and stomach, no significant morbidity related to these changes was reported.
Bone marrow stromal cells from NOS1 2/2 mice were more radioresistant than those from wild-type mice, suggesting that the NOS1 2/2 genotype confers resistance to oxidative stress (20) . Furthermore, after pharmacological antagonism of NOS or disruption of the NOS1 gene, radiation resistance of the mouse bladder was demonstrated (21) . Whether NOS2 2/2 and NOS3
2/2
mouse marrow cells or mice display alterations of radiosensitivity is not known.
In the present studies, we evaluated the response of NOS1 2/2 mice to thoracic and total-body irradiation compared to NOS2 2/2
, NOS3
2/2 and wild-type mice. Absence of the NOS1 gene product was expected to reduce peroxynitrite formation and thereby protect mice from radiation-induced toxicity and death. Instead, we found increased radiosensitivity. This was related to the abnormal esophageal physiology of these mice, since the defect was ameliorated by local intraesophageal MnSOD-PL administration.
MATERIALS AND METHODS

Long-Term Bone Marrow Cultures
Long-term bone marrow cultures were established from the femur and tibia of 6-8-week-old mice as described previously (eight cultures per mouse strain) (22) . Measurement of confluence of the adherent layer, cobblestone islands, and hematopoietic cell production was as described previously (22) . Quantification of 7-and 14-day colonyforming units-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM) was carried out as described previously (20) .
Clonogenic Radiation Survival Curves
Bone marrow stromal cell lines were established from adherent cells harvested from long-term bone marrow cultures at week 20 as described previously (20) . Cells from parent lines NOS1 and wild-type (C57BL/6NHsd) mice were each irradiated with 0-8 Gy c rays. Cells were placed in Linbro four-well tissue culture plates (Flow Laboratories, McLean, VA) at concentrations of 500, 1000 or 4000 cells per 4-ml well. Cells were incubated in a high-humidity incubator at 37uC with 95% air/5% CO 2 for 10 days, and colonies of greater than 50 cells were scored according to published methods (23) .
Hematopoietic Progenitor Cell Assays
Radiation survival curves were performed for CFU-GEMM. Bone marrow was harvested from the tibias and femurs of NOS1 2/2 and C57BL/6NHsd mice (20) . Cells were counted with a cell counter (Beckman Coulter, Fullerton, CA) after lysis of red blood cells. Then 1 3 10 6 viable cells/ml were irradiated with 0-8 Gy and plated in methylcellulose-containing medium (MethoCult GF 3434, StemCell Technologies, Vancouver, BC, Canada) at cell concentrations ranging from 20,000-100,000 cells/well. Cultures were incubated at 37uC in a high-humidity incubator with 95% air/5% CO 2 for 14 days, and colonies of over 50 cells were scored.
Mice and Ionizing Radiation
All animal experiments and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at University of Pittsburgh. Experiments were performed on NOS1
2/2 and control background strain C57BL/6NHsd mice 6-10 weeks of age.
Thoracic irradiation was administered to female mice by a linear accelerator to a dose of 20 Gy using an established model of radiation-induced organizing alveolitis/fibrosis at around 120-150 days in the C57/B6NHsd mouse (24). Mice were followed for development of radiation lung damage and survival.
Total-body irradiation (TBI) to the LD 50/30 of 9.5 Gy (25) was delivered to male mice by a 137 Cs irradiator (Mark MKI-68, J. L. Shepherd and Associates, San Fernando, CA) at a dose rate of 80 cGy per minute. Mice were followed for development of gastrointestinal and/or hematopoietic syndrome and survival.
Whole-brain irradiation was administered to mice using a linear accelerator to a dose of 9.5 Gy to the head and neck region only. Mice were followed for development of neurological signs or seizures.
Esophageal Delivery of Liposomes Containing DS-Red or MnSOD-PL
To assess potential radioprotective mechanisms, manganese superoxide dismutase in plasmid liposomes (MnSOD-PL) was given orally to C57BL/6NHsd and NOS1 2/2 mice 24 h prior to thoracic irradiation. The formulation of MnSOD-PL has been described previously (24) . Mice received intraesophageal administration of 100 ml of water followed by 100 ml of MnSOD-PL (100 mg plasmid DNA) by placing a feeding tube attached to a 1-ml syringe at the proximal end of the esophagus. The volume was injected at the proximal esophagus and mice were allowed to swallow. In a separate experiment to ensure delivery of genetic material to the esophagus, liposomes containing the DS-red transgene plasmid were created as described previously (26) and injected using the same methodology as above. The mice were killed humanely 24 h later and each esophagus was excised, frozen in OCT, sectioned and examined for the expression of DS-red.
MnSOD Biochemical Activity
NOS1
2/2 mice and C57BL/6NHsd mice were treated with MnSOD-PL as described above. The esophagus from each mouse was removed 24 h later, frozen on dry ice, and assayed for MnSOD biochemical activity as described previously (23, 24) . One unit of MnSOD biochemical activity resulted in a 50% inhibition of nitroblue tetrazolium (NBT) reduction at the maximal rate per milligram of protein.
Pharmacological Inhibition of NOS
Global pharmacological inhibition of NOS activity was achieved by systemic administration of L-NAME (Nv-nitro-L-arginine methyl ester) (Sigma-Aldrich, St. Louis, MO) as described previously (27) . Osmotic mini-pumps (ALZET, Cupertino, CA) were implanted subcutaneously, providing a constant systemic supply (0.5 ml/h) of L-NAME (125 mg/ml PBS, n 5 15) or PBS (n 5 15) for 14 days. On day 3 after implantation, 10 mice from the L-NAME group and 10 from the PBS group were treated with 9.5 Gy TBI, leaving five mice from each group as nonirradiated controls. Survival of these mice was then followed.
In a second experiment, two groups of mice were treated with either L-NAME (n 5 12) or PBS (n 5 14) via implanted osmotic pumps for 9 days. Then the pumps were removed, and nine mice from the L-NAME group and 10 mice from the PBS group were treated with 9.5 Gy TBI. Three mice from the L-NAME group and four mice from the PBS group served as nonirradiated controls. Survival of these mice was then followed.
Histopathological Analysis of Tissues
Mice were killed humanely and perfused with 10 ml of PBS prior to necropsy. Collected organs were fixed in 10% buffered formalin for 24 h, sectioned (5 mm), and subsequently stained with hematoxylin and eosin (H&E) for histological analysis. Tissue was collected from the esophagus, stomach, duodenum, jejunum, ileum, cecum, colon, spleen, liver, heart and lung. For comparison of intestinal villus height, sections from each animal were obtained from identical anatomical positions in the duodenum. Between 50 and 100 longitudinal intestinal villi were measured in random order from the base of the crypt to the top of the villus.
Peripheral Blood and Serum Chemistry Analyses
Serum chemistry and whole blood analyses were performed in C57BL/6NHsd and NOS1 2/2 mice 6 days after 9.5 Gy TBI and in nonirradiated control mice from both strains. Whole blood was collected by tail vein into EDTA-containing collection tubes (MiniCollect, Grener Bio-ONE, Austria). Blood was evaluated using a Vet ABC-Diff Hematology Analyzer, which measured white blood cells (WBC), red blood cells (RBC), thrombocytes (plt), hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC).
Blood for serum chemistry analyses was collected by cardiac puncture immediately after killing. Approximately 1 ml of blood was collected in Microtainer tubes with no additives (Becton, Dickinson and Company, Franklin Lakes, NJ). Blood was allowed to coagulate for 30 min and was then centrifuged at 2000g for 3 min. Serum was collected and sent to Antech GLP (Antech Diagnostics Inc, Morrisville, NC) for analysis.
RT-PCR for Measurement of Inflammatory Cytokines and NOS Isoforms
RNA was extracted from mouse esophagus, stomach and intestine using the TRIzol reagent (Invitrogen Carlsbad, CA) following the manufacturer's instructions, quantified using a spectrophotometer, and stored at 280uC. Reverse transcription of 2 mg of total RNA to complementary DNA (cDNA) was accomplished using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol.
In subsequent steps, expression of GUSB (GenBank: NM_010368.1), NF-kB (GenBank: NM_199267.2), TNF-a (GenBank: NM_013693.2), IFN-c (GenBank: NM_008337.3), NOS1 (GenBank: NM_008712.2), NOS2 (GenBank: NM_010927.3), and NOS3 (GenBank: NM_008713.4) was quantified by real-time polymerase chain reaction (RT-PCR). Ninety-six-well plates were prepared with 10 ml of Taqman Gene Expression Master mix, 5 ml RNase-free water, 1 ml of the corresponding Taqman Gene Expression probe, and 4 ml of cDNA (totaling 2 mg cDNA) using the Eppendorf epMotion 5070 automated pipetting system (Eppendorf, Westbury, NY). The cDNA was amplified with 40 cycles of 95uC (denaturation) for 15 s and 60uC (annealing and elongation) for 1 min using the Eppendorf Realplex2 Mastercycler.
Data for each gene were normalized by calculating the differences (DCt) from the CtGUSB and Cttarget genes. Subsequently, the relative increase or decrease in expression was calculated by comparing the reference gene with the target gene (DDCt) and using the formula for relative expression (52 2DDCt ). Subsequently, (DDCt) levels were compared and P values were calculated using one-way ANOVA followed by Tukey's multiple comparison tests.
Gastrointestinal Transit Studies
Mouse gastrointestinal transit studies were performed in nonirradiated NOS1
2/2 and C57BL/6NHsd mice or in irradiated mice 6 days after 9.5 Gy TBI, with at least four mice per group. The gastrointestinal distribution of orally administered FITC-labeled dextran (Molecular Probes, Eugene, OR) was evaluated in all groups, and the geometric center (GC) was calculated as described previously (28) .
Electric-Field Stimulation Studies of the Lower Esophageal Sphincter
Mechanical in vitro contractile activity was evaluated by using muscle strips of the lower esophageal sphincter from NOS1 2/2 and C57BL/6NHsd mice with and without exposure to 20 Gy thoracic irradiation. Muscle strips were incubated in a basal solution of Larginine, and dose-response curves for muscle contractility were generated by electric-field stimulation (EFS) with frequencies ranging from 0.1 to 15 Hz as described previously. Dose-response curves were also generated after EFS after antagonization of NOS receptors (with L-nitro-arginine) and antagonization of muscarinic receptors (with atropine) (28) .
Immunoprecipitation Analysis for ATM
Bone marrow stromal cell lines from NOS1 2/2 or C57BL/6NHsd mice were grown to 80% confluence in 10-cm petri dishes. One dish from each mouse strain was irradiated to 2 Gy in a 137 Cs irradiator (Mark MKI-68, J. L. Shepherd and Associates) and incubated for 1 h. Cells were manually scraped, pelleted by centrifugation, and lysed in RIPA buffer supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma Aldrich) and 23 Halt TM phosphatase inhibitor cocktail (Pierce, Rockford, IL). Proteins were separated by SDSpolyacrylamide gel electrophoresis followed by transfer to BioTrace TM PVDF membrane (Pall Life Sciences, East Hills, NY). After transfer, the membrane was blocked in TBS with 5% milk and 0.1% Tween-20 (Sigma) for 1 h at room temperature. Membranes were incubated with the following ATM antibody at 4uC overnight. Detection of bound antibodies was performed with ECL Advance TM Western Blotting Detection kit (Amersham Biosciences, Piscataway NJ). Chemiluminescence signals were recorded using Hyperfilm TM (Amersham Biosciences).
Continuous Videography
To detect any changes in feeding, behavior or function in NOS1 2/2 mice after TBI, continuous videography was performed. NOS1 2/2 mice and wild-type were irradiated to 9.5 Gy as described previously and were housed three per cage. An electronic surveillance system (Logitech Wilife Indoor Camera Master System, Logitech Inc., Fremont, CA) was used for continuous digital recording to a RADIOSENSITIVITY OF NOS1 2/2 MICE 299 dedicated computer. All recorded data were reviewed visually for evidence of changes in feeding, energy or behavior.
Statistics
Data from radiation survival curves were analyzed using the linearquadratic and single-hit, multitarget models (23) . Results are presented as means ± SEM from at least three measurements. Student's t test and two-way ANOVA were used to compare means of different groups where appropriate. Electrical-field stimulation data were analyzed using ANOVA with Tukey's post hoc group comparisons using InerSTAT-a v1.3. All analyses were performed on 10 Hz values. The longevity of hematopoiesis in long-term bone marrow cultures has been shown to be associated with resistance to the oxidative stress of aging in vitro as reflected by persistence of hematopoietic stem cell islands in the adherent layer, termed cobblestone islands. Continuous bone marrow cultures were established from NOS1
RESULTS
Long-Term Bone Marrow Cultures Derived from NOS1
2/2 and C57BL/ 6NHSd (wild-type) mice. All culture groups had stromal cells covering over 75% of the flask surface by 5 weeks and maintained stable adherent layers covering over 95% of the flask surface at 35 weeks (Fig. 1A) .
Weekly numbers of cobblestone islands (indicative of adherent hematopoietic foci) (Fig. 1B) were counted, and the cumulative numbers were calculated (Fig. 1C) for all culture groups. The cumulative number of cobblestone islands was approximately the same for all groups until week 10, when NOS1 and NOS2 2/2 cultures both had more nonadherent cells than did NOS3
2/2 and wild-type cultures (Fig. 1D, E ). This reflects a better stability of hematopoiesis in the adherent layer of NOS1 2/2 and NOS2 2/2 compared to NOS3 2/2 and wild-type bone marrow cultures. However, NOS1
2/2 cultures produced significantly more hematopoietic cells forming colonies after 7 ( Fig. 1F ) and 14 days (Fig. 1G ) in semisolid CFU-GEMM culture than did other groups. There was no significant difference in radiosensitivity between C57BL/6NHsd, NOS2 2/2 or NOS3 2/2 marrow stromal cell lines compared to NOS1 2/2 cells (D 0 5 1.4 ± 0.2 compared to 1.6 ± 0.1, respectively).
NOS1
2/2 Mice Display Thoracic Radiation Sensitivity
To determine whether the resistance to oxidative stress reflected as increased persistence of hematopoiesis in long-term bone marrow cultures and increased radiation resistance of NOS1 2/2 mouse-derived bone marrow stromal cells translated to increased radiation resistance in vivo, NOS1
2/2 , NOS3 2/2 and C57BL/6NHsd mice were irradiated with 20 Gy to the thorax (Fig. 3A) . In two separate experiments over 2 years (n 5 20/group each time), NOS1 2/2 mice were significantly more sensitive to thoracic irradiation, with 50% of the mice dead at 41 days compared to 156, 148 and 159 days for C57BL/6NHsd, NOS2
2/2 and NOS3
mice, respectively (P , 0.0001).
, NOS3 2/2 and C5BL/6NHsd mice (n 5 6/group) were irradiated with 9.5 Gy and followed for survival (Fig. 3B ). This dose is the LD 50/30 for C57BL/6NHsd mice at our facility (27) . Fifty percent of the NOS1 2/2 mice showed an LD 50 of 9 days compared to 18.5 and 25 for C57BL/6NHsd, NOS2 or NOS3 2/2 mice (P 5 0.006).
The dose-modifying effect of NOS1 gene deletion was measured. C57BL/6NHsd mice were irradiated with total-body doses ranging from 9.5 Gy to 18 Gy, followed for death from the hematopoietic syndrome, and compared to NOS1 2/2 mice receiving 9.5 Gy TBI. C57BL/6NHsd mice irradiated with 12 Gy demonstrated similar survival times to these of NOS1 2/2 mice irradiated with 9.5 Gy (Fig. 3C) . Therefore, the dosemodifying factor for the absence of the NOS1 gene was 0.79.
Gross Anatomic Pathological Demonstration of Dilation of Esophagus and Stomach in Irradiated and Nonirradiated NOS1
2/2 Mice Based upon the rapid death within 7-10 days in NOS1 2/2 mice after 9.5 Gy TBI, complete necropsies were carried out in a separate group of NOS1 2/2 mice. Unchanged dilated esophagus and stomach in NOS1 2/2 mice (Fig. 4) was the only finding.
Histopathological Analysis of the GI Tract Revealed no Significant Structural Changes at 6 Days in TBI NOS1
2/2
Mice
Histopathology of all major organs including esophagus, stomach, duodenum, jejunum, ileum, cecum, colon, spleen, liver, lung and heart was carried out on fixed sections stained with H&E (n 5 3/group). Review of multiple sections of each organ from all strains of mice revealed no significant structural differences after irradiation between the organs from NOS1
2/2 and C57BL/6NHsd mice (see the Appendix). Results for the intestine are shown in Fig. 5 . Morphology of the esophagus, stomach, intestine and colon on H&E-stained sections appeared intact and long-term bone marrow cultures had significantly increased numbers of cobblestone islands (P , 0.0001). the number of nonadherent cells produced each week (panel D) and the cumulative number of nonadherent cells (panel E) showed that NOS2 2/2 long-term bone marrow cultures produced more cumulative nonadherent cells than the other three groups (P , 0.0001). Nonadherent cells were plated in semisolid methylcellulose culture and the number of colonies of greater than 50 cells was determined at 7 (panel F) and 14 days (panel G). NOS1
2/2 longterm bone marrow cultures had increases in day 7 and 14 colonies compared with the other three groups (P , 0.0001).
RADIOSENSITIVITY OF NOS1
2/2 MICE 301 similar between irradiated NOS1 2/2 and nonirradiated NOS1 2/2 mice and wild-type mice. Specifically, small bowel villi and crypt cell numbers and length were intact and crypt cells were intact and showed no signs of radiation damage (Fig. 5) . Villus z crypt height was tabulated for NOS1 2/2 and C57BL/6NHsd mice after exposure to 9.5 Gy TBI; NOS1 2/2 mice had significantly longer intestinal villi than wild-type C57BL/6NHsd mice at day 6 (1.3 ± 0.2 compared to 1.1 ± 0.3 mm). Results were the same for jejunum and ileum.
NOS1
2/2 and Wild-Type Mice Show Similar Hematological Responses to TBI We next determined whether a rapid decrease in blood count reflective of the hematopoietic syndrome may have been responsible for the rapid death of NOS1 2/2 mice after TBI. Complete blood counts were performed in nonirradiated mice or in mice 6 days after TBI ( Table 1) . White blood cells and platelets were reduced in all irradiated groups (Table 1 ). Blood counts for C57BL/6NHsd mice were more sensitive to radiation, with significantly decreases in red blood cells (RBC), and hemoglobin and hematocrit. NOS1 
and NOS3
2/2 mice demonstrated no significant relative differences in changes in WBC, RBC, hemoglobin or hematocrit. These findings indicate that the rapid death of NOS1 2/2 mice was not associated with a rapid drop in complete blood counts and that the rapid death after TBI in NOS1 2/2 mice could not be attributed to the hematopoietic syndrome.
NOS1
2/2 and C57BL/6NHsd Mouse Marrow Show Similar Marrow CFU-GM, BFU-E and CFU-GEMM Radiosensitivity
We next tested for relative radiosensitivity of marrow stem cells. CFU-GEMM radiation survival curves were constructed for bone marrow from NOS1 for CFU-GM, BFU-E (indicative of more differentiation of granulocytes-macrophage colony-forming or burst-forming unit erythroid colony-forming cells, respectively), and CFU-GEMM in both strains of mice. In C57BL6/NHsd mouse marrow, the D 0 's for CFU-GM, BFU-E and CFU-GEMM colonies were 1.51, 1.03 and 3.04, respectively (Fig. 6A) . In NOS1 2/2 mice, D 0 values were 2.00, 1.73 and 2.56, respectively (Fig. 6B) . The survival curves for NOS1 2/2 mice and C57BL6/NHsd mice were not significantly different (P . 0.5).
Serum Chemistry in Irradiated NOS1
2/2 Mice Showed no Abnormalities Compared to Irradiated C57BL/6NHsd Mice We next tested whether NOS1 2/2 mice died of an atypical metabolic response to 9.5 Gy TBI. Basic serum electrolytes and renal, liver and pancreatic function were examined 6 days after TBI in C57BL/6NHsd and NOS1 2/2 mice. Prior to irradiation NOS1 2/2 mice showed relative increases in chloride and decreases in albumin (Table 2 ). Both nonirradiated and irradiated C57BL/6NHsd mice demonstrated no significant differences in any of the parameters. NOS1 2/2 mice receiving 9.5 Gy TBI demonstrated a significant drop in potassium and BUN compared to nonirradiated mice but not into a range known to cause renal failure. NOS1 2/2 and C57BL/6NHsd mice demonstrated no significant preirradiation differences in electrolytes or measures of renal or liver/pancreatic function. After 9.5 Gy TBI, NOS1 2/2 mice demonstrated no differences from control mice. The data provide evidence that electrolyte disturbances, glucose levels and abnormalities in renal, liver or pancreatic function did not cause the rapid death of NOS1 2/2 mice after 9.5 Gy TBI. Taken together with the complete blood count findings and the absence of neutrophils or inflammatory cell infiltrates in histopathologically examined tissues, the data indicate that septicemia or shock could not explain the rapid death of irradiated NOS1 2/2 mice.
RT-PCR-Based Detection of Cytokine and NOS Isoform Expression in Irradiated Mice
We next sought to determine whether TBI NOS1 2/2 mice demonstrated exacerbation of an inflammatory response. Inflammatory markers and NOS isoform expression were compared in the NOS1 2/2 and C57BL/ 6NHsd wild-type mice before (day 0) and 1 and 6 days after 9.5 Gy TBI. The esophagus, stomach and intestine were evaluated (Table 3) .
NF-kB expression was significantly higher in the wildtype C57BL/6NHsd mouse esophagus than in NOS1 2/2 mice 1 and 6 days after irradiation (P , 0.01). NOS3 was also expressed at a significantly higher level (P , 0.0001) in NOS1 2/2 mice compared to wild-type mice at these times. In the stomach, there were no significant differences in expression of any gene transcripts
FIG. 4. Unchanged dilated esophagus and stomach in TBI compared to nonirradiated NOS1
2/2 mice. C57BL/6NHsd and NOS1 2/2 mice were autopsied without any treatment (panels A, C, respectively) and 6 days after 9.5 Gy TBI (panels B, D, respectively). Autopsy revealed an enlarged stomach and dilated esophagus in nonirradiated control NOS1 2/2 mice (panel C) that was unchanged by irradiation (panel D).
RADIOSENSITIVITY OF NOS1 2/2 MICE measured. In the intestine, TNF-a (P , 0.0001) and NOS2 (P , 0.001) were significantly increased over baseline preirradiation levels in wild-type compared to NOS1 2/2 mice. Intestinal TNF-a (P , 0.0001) and IFN-c (P , 0.001) were expressed at significantly higher levels 1 day after TBI in wild-type compared to NOS1 2/2 mice. Intestinal NF-kB was expressed at a significantly higher level (P , 0.0001) in wild-type compared to NOS1 2/2 mice at 6 days after irradiation. While significant differences were detected between mouse strains in some assays, there was no up-regulation of a specific inflammatory cytokine or NOS isoform to a level that could explain the rapid death of NOS1 2/2 mice after 9.5 Gy TBI.
ATM Kinase Levels are not Altered in NOS1
2/2 Mice
To measure DNA repair capacity, immunoprecipitation for ATM was conducted in bone marrow stromal
FIG. 5. H&E-stained duodenum of C57BL/6NHsd and NOS1
2/2 mice. Duodenum from control C57BL/6NHsd and NOS1 2/2 mice (panels A, C, respectively) and mice 6 days after 9.5 Gy TBI (panels B, D, respectively) were sectioned and stained with H&E. cells from NOS1 2/2 and C57BL/6NHsd mice that were either nonirradiated or exposed to 2 Gy (Fig. 7) . A typical rise in the level of phospho-ATM, the active form of the protein, was seen in irradiated C57BL/6NHsd mouse cells. A similar rise was seen in irradiated NOS1 2/2 mouse cells. Therefore, ATM-dependent DNA damage repair was intact in NOS1 2/2 cells.
Electric-Field Stimulation (EFS) Studies of the Lower Esophageal Sphincter after Thoracic Irradiation Revealed no Significant Differences in NOS1 2/2 Mice
The known abnormality in the NOS1 2/2 mouse is in the neuromuscular system. Tissue from the lower esophageal sphincter of C57BL/6NHsd and NOS1 2/2 mice was excised and stimulated by an electric field across a range of frequencies, and the degree of contraction was measured (Fig. 8) . Studies using Larginine as the basal substrate were conducted in nonirradiated mice and in mice 9 days after exposure to 20 Gy thoracic radiation, the time at which mice began to die (Fig. 3A) . Contraction after EFS was measured after antagonizing NOS receptors (with the addition of L-nitro-arginine) or antagonizing both NOS and muscarinic receptors (with L-nitro-arginine and atropine).
In the wild-type C57BL/6NHsd mouse tissue, increased contractility with increasing EFS frequency was seen. Inhibition of NOS or muscarinic receptors did not produce significant differences before or after irradiation. In NOS1 2/2 mice, contractility after antagonization of both muscarinic and NOS receptors despite highfrequency EFS stimulation was seen and persisted after thoracic irradiation. This loss of contractility after antagonization of both receptors could be caused by a deficiency in tachykinin nerve responses in NOS1 
NOS1
2/2 Mice Show no Significant Differences in Postirradiation Gastrointestinal Motility
We next evaluated whether the functional defect in intestinal muscle contractibility might explain the in vivo thoracic and total-body radiosensitivity of NOS1 2/2 mice. NOS1
2/2 and C57BL/6NHsd were evaluated 6 days after 9.5 Gy TBI and compared to nonirradiated mice. Fluorescein isothiocyanate (FITC)-labeled dextran was administered orally, and after 75 min the mice were killed and the geometric center of fluorescence in the gastrointestinal system was determined. Higher numbers for the geometric center indicate faster transit through the gastrointestinal system. No significant difference was seen in either group after irradiation. The expected slower transit in nonirradiated NOS1
2/2 mice compared to wild-type mice was observed; however, there was no evidence of radiation-induced exacerbation of gastroparesis or delayed intestinal motility. These data provide evidence that an abnormal gastrointestinal motility was not responsible for the radiation sensitivity of NOS1 2/2 mice.
Pharmacological Inhibition of NOS in Wild-Type Mice Produces Radioresistance
To determine whether pharmacological inhibition of NOS1 in wild-type mice replicated the radiosensitivity observed in NOS1
2/2 mice, we next tested the effects of a broad NOS inhibitor that reduces NOS1 as well as NOS2 and NOS3. Groups of C57BL6/NHsd mice were implanted subcutaneously with osmotic pumps containing either PBS or the NOS inhibitor L-NAME (which inhibits all three isoforms of NOS). In the first set of experiments, mice were implanted, irradiated 3 days later, and followed for survival (Fig. 9A) . The L-NAME-treated mice survived significantly longer than the PBS-treated mice (P 5 0.0012). In a second set of experiments, mice were implanted with osmotic minipumps that were removed 9 days later, NOS levels were allowed to recover, and then the mice were irradiated (Fig. 9B) . There was no survival advantage under these conditions. The data indicated that continuous NOS inhibition during and after irradiation confers a significant survival advantage in wild-type mice. The data did not support a direct role of systemic NOS1 inhibition in the radiation sensitivity of NOS1 2/2 mice.
Intraesophageal MnSOD-PL Ameliorates NOS1
2/2
Mouse Radiosensitivity and Increases Survival after Thoracic and Total-Body Irradiation
Since the developmental abnormality in the esophagus was the only known gastrointestinal abnormality in
2/2 mouse marrow CFU-GM, BFU-E and CFU-GEMM show radiosensitivities similar to those of cells from wildtype C57BL/6NHsd mouse marrow. C57BL/6NHsd mice (panel A) and NOS1
2/2 mice (panel B).
RADIOSENSITIVITY OF NOS1 2/2 MICE NOS1 2/2 mice, we next tested whether locally delivered antioxidant transgene therapy ameliorated the increased radiosensitivity. MnSOD-PL intraesophageal gene therapy was tested for protection from thoracic irradiation (Fig. 10A) and TBI (Fig. 10B) . NOS1 2/2 mice either were injected intraesophageally with MnSOD-PL 24 h prior to irradiation or received no treatment. Subsequently mice received 20 Gy to the thorax or 9.5 Gy TBI and were then followed for survival. In the thoracic irradiation model, NOS1
2/2 mice treated with MnSOD-PL prior to irradiation demonstrated significantly increased survival. All mice survived past 30 days (n 5 6). In contrast NOS1
2/2 mice receiving no treatment had a mean survival time of 11 days (P 5 0.031). With TBI, mice treated with MnSOD-PL also lived significantly longer than untreated NOS1 2/2 mice (P 5 0.043).
MnSOD-PL DS-Red PI Uptake is Restricted to the Esophagus of both NOS1 2/2 and Wild-Type Mice
To ensure that the delivery method resulted in transgene delivery only to the esophagus, experiments were conducted in which DS-red plasmid in plasmid liposomes was 
Notes. NOS1
2/2 and C57BL/6NHsd mice were either nonirradiated or received 9.5 Gy TBI and were killed after 1 or 6 days. Tissue from the esophagus, stomach and intestine was isolated and RT-PCR performed. All numbers are expressed relative to the established standard calibrated sample of each organ from control or irradiated C57BL/6NHsd mice. N.T. 5 not tested. *P , 0.05.
FIG. 7. ATM kinase activation is unchanged in irradiated NOS1
2/2 mouse bone marrow stromal cells compared to wild-type mouse bone marrow stromal cells. Bone marrow stromal cells were irradiated with 2 Gy. Whole cell extracts were prepared after 1 h. ATM phosphorylated on serine 1987 (1981 in humans) was immunoprecipitated using a rabbit phosphospecific monoclonal antibody, resolved by SDS-PAGE, and immunoblotted using a generic ATM mouse monoclonal antibody. 148.3 ± 2.3 154.3 ± 1.7 10.6 ± 0.9 6.6 ± 0.2* C57BL/6NHsd
154.3 ± 1.2 152.0 ± 0.6 7.6 ± 0.6 7.6 ± 0. To confirm that MnSOD activity was increased after delivery of MnSOD-PL in NOS1 2/2 and C57BL/6NHsd mice, enzyme activity was measured (Fig. 10C) . MnSOD activity in C57BL/6NHsd mice was significantly increased 24 h after administration of MnSOD-PL. Similarly, in NOS1 2/2 mice, MnSOD activity was significantly increased 24 h after administration of MnSOD-PL. There was no difference in MnSOD activity between NOS1 2/2 and C57BL/6NHsd mice after administration of MnSOD-PL.
Continuous Videography of NOS1
2/2 Mice after 9.5 Gy TBI Reveals Death from Grand Mal Seizures
Groups of female NOS1
2/2 mice were irradiated to 9.5 Gy TBI and were continuously monitored using a digital video surveillance system. All mice were found to have normal oral intake, activity, bowel movements and urination after irradiation. There was no significant weight loss and no observable change in behavior. Normal activity and feeding were observed until approximately 4-6 h prior to death. At this time, mice were found to be profoundly lethargic, demonstrated gait instability, and showed minimal responsiveness to noxious stimuli. All mice died after a generalized tonicclonic seizure that lasted 30-60 s. Two mice died 9 days after TBI and one died after 10 days. In contrast, monitored C57BL/6J mice died significantly later with evidence of lethargy and listlessness and no evidence of Grand Mal seizures.
Isolated Brain Irradiation of NOS1 2/2 Mice does not Produce Early Death
We next determined whether the seizures that were observed in NOS1 2/2 mice after 9.5 Gy TBI were attributable to brain irradiation. NOS1
2/2 and C57BL/ 6NHsd mice were irradiated with 9.5 Gy to the head and neck only. One cohort in each strain received intraoral MnSOD-PL 24 h prior to irradiation. No early deaths secondary to brain irradiation were observed in NOS1 2/2 mice (Fig. 3D) .
DISCUSSION
The present studies report a significant radiosensitivity of homozygous deletion recombinant negative NOS1 2/2 mice to both thoracic and total-body irradiation and amelioration of this effect with intraesophageal MnSOD-PL. The data establishing radiosensitivity are in marked contrast to the increased longevity of hematopoiesis in long-term bone marrow cultures reflecting the resistance to oxidative stress, the radiation resistance of NOS1 2/2 bone marrow stromal cells in vitro, and the radioresistance of bladder in vivo (10) . NOS1 has been shown to localize to the mitochondria and is known to be critical in the formation of peroxynitrite, a potent oxidant that leads to apoptosis of irradiated cells (2, 5, 6) .
The mechanism of the radiosensitivity of NOS1 2/2 mice was not obvious. Histopathology of all major organs including the gastrointestinal system revealed no evidence of inflammation, intestinal villus shortening, Complete blood counts, serum chemistry, liver function and renal function studies were carried out to find evidence of a rapid hematopoietic syndrome or electrolyte disturbance and revealed no cause of rapid death in irradiated NOS1 2/2 mice compared to wild-type mice.
FIG. 8. Electric-field stimulation (EFS) studies of the lower esophageal sphincter and gastrointestinal transit after 20 Gy thoracic irradiation of NOS1
2/2 mice compared to wild-type mice. In wild-type mice, there was increased contractility with increasing EFS frequency in muscle strips in basal substrate (L-arginine, circles). Inhibition of NOS (with addition of L-nitro arginine, z) or muscarinic receptors (with atropine, n) did not produce significant differences (panel A). There were no significant differences after irradiation (panel B). NOS1 2/2 mice demonstrated contractility after antagonization of both muscarinic and NOS receptors despite high-frequency EFS stimulation (panel C) (P , 0.05). This persisted after thoracic irradiation with no other significant differences (panel D). Panel E: NOS1 2/2 and C57BL/6NHsd mice (four per group) that were either nonirradiated or received 9.5 Gy TBI were given oral FITC-labeled dextran and the geometric center of the fluorescence signal through the gastrointestinal system was calculated. Mice receiving 9.5 Gy TBI showed no significant differences in GI transit (P . 0.05).
RAJAGOPALAN ET AL.
Studies of mRNA expression in multiple organs were conducted to determine whether irradiated NOS1 2/2 mice up-regulated either inflammatory cytokines (TNF-a, NF-kB, IFN-c) or other NOS isoforms (NOS2, NOS3). While subtle changes were detected, including an increase in NOS3 expression in irradiated NOS1 2/2 mice, these differences could not explain the rapid mortality after irradiation. Mice exhibited normal behavior, feeding and elimination until the final day of life, during which a 4-6-h period of marked lethargy was observed followed by a generalized tonic-clonic seizure. However, brain-only irradiation of NOS1 2/2 mice with 9.5 Gy, the dose that precipitated seizures with TBI, failed to elicit neurological deficit or seizures. Thus, while seizures were the apparent cause of death, they were not reproduced with brain-only irradiation.
Several different genetic determinants of radiation sensitivity have been described in the literature. Mouse models of ataxia telangiectasia (ATM Continuous NOS inhibition (pre-and postirradiation) in C57BL/6NHsd mice confers protection from TBI. Panel A: C57BL/6NHsd mice were implanted with osmotic mini-pumps containing either L-NAME or PBS and irradiated with 9.5 Gy TBI 3 days later. Pumps were removed on day 11 after irradiation. Mice treated with L-NAME had a significantly increased survival compared to mice treated with PBS (P 5 0.0012) that was reversed when pumps were removed. Panel B: C57BL/6NHsd mice were implanted with mini pumps containing either L-NAME or PBS on day 9. On day 0, the pumps were removed and the mice were irradiated with 9.5 Gy TBI. There was no significant difference in survival (P 5 0.15).
FIG. 10.
Intraesophageal MnSOD-PL delivered 24 h prior to thoracic or total-body irradiation ameliorates the radiosensitivity of NOS1 2/2 mice. NOS1 2/2 mice received intraoral MnSOD-PL (100 mg plasmid DNA) at the top of the esophagus and the mice were allowed to swallow the solution. Twenty-four hours later, mice were irradiated. Panel A: With 20 Gy thoracic irradiation, NOS1 2/2 mice treated with MnSOD-PL demonstrated increased survival times compared to untreated NOS1 2/2 mice (P 5 0.031). Panel B: With 9.5 Gy total-body irradiation, increased survival times in NOS1 2/2 mice with MnSOD-PL administration were also seen compared to untreated NOS1 2/2 mice (P 5 0.043). Panel C: To demonstrate that the MnSOD-PL administration resulted in increased MnSOD biochemical activity, NOS1
2/2 and C57BL/6NHsd mice were administered MnSOD-PL and killed 24 h later, each esophagus was removed and immediately frozen, and MnSOD biochemical activity was assayed. There was no significant difference in NOS1 2/2 and C57BL/6NHsd mice in either baseline biochemical MnSOD activity or the elevation above baseline after administration of MnSOD-PL.
RADIOSENSITIVITY OF NOS1
2/2 MICE (32) show sensitivity to radiation in vitro and in vivo. In these models, radiosensitivity is explained by defective capacity to repair damaged DNA. ATM in irradiated and nonirradiated NOS1 2/2 bone marrow stromal cells showed no difference in ATM-mediated DNA damage repair compared to wild-type mice.
Clinical correlations of abnormal NOS1 expression in humans include infantile pyloric stenosis and psychotic disorders. Previous studies have suggested that genetic variation of NOS1 may be implicated in the pathogenesis of schizophrenia and bipolar disorder (33, 34) . This notion may be analogous to aggressive and depressivelike behaviors that have been reported in NOS1 knockout mice (35) . The mechanism of genetic susceptibility to psychotic disorders in humans is believed to be related to the chromosomal location of the NOS1 gene, which has been shown to be a susceptibility locus in linkage studies (36) (37) (38) . Moreover, the role of nitric oxide as a second messenger of the N-methyl-D-aspartate (NMDA) receptor (39) as well as the close interaction of nitric oxide pathway with the dopaminergic and serotonergic pathways may explain the involvement of NO in these disorders. Also, a recent study suggested that certain NOS1 polymorphisms may be associated with an increased risk to cerebral malaria (40) .
Pharmacological broad NOS inhibition of all isoforms in wild-type mice (using L-NAME) showed that postirradiation but not preirradiation treatment increased survival after TBI. The increased survival after TBI with continuous pharmacological NOS inhibition was consistent with our in vitro experiments showing radioresistance in NOS1 2/2 bone marrow stromal cells and could not explain the radiosensitivity of NOS1 2/2 mice to thoracic or total-body irradiation.
Intraesophageal MnSOD-PL gene therapy reversed both the thoracic and total-body radiosensitivity of NOS1 2/2 mice. The MnSOD-PL gene product is a potent antioxidant that has been shown to increase survival of mice exposed to thoracic radiation and to facilitate tissue repair after irradiation (26, 41) . That this therapy restored survival in NOS1
2/2 mice after thoracic or total-body irradiation indicated that the mechanism of death was at the level of the esophagus. The data suggest that defects in embryogenesis and development of NOS1 2/2 mice, perhaps in the enteric nervous system, may have a critical role in establishing the thoracic or TBI radiosensitivity. NOS1 2/2 mice have baseline deficits in neurotransmission that may have been exacerbated by thoracic or total-body irradiation (42) .
While NOS1 has clear a function in the neurological system (43) (44) (45) , supported by the present studies, the mitochondrial localization of NOS1 and its role in nonneuronal cell types are controversial (9, 46) . The present results establish two additional non-neuronal effects of NOS1 deletion: radioresistance of marrow stromal cells and an increase in longevity of hematopoiesis in longterm marrow cultures. Since NOS1 2/2 mouse hematopoietic progenitor cells were not radioresistant in vivo or in vitro, the data indicate that the effects are probably attributable to marrow stromal cells, which have been reported to display some neural cellular characteristics (47, 48) . Further studies will be required to explain the effects of NOS1 deletion on marrow stromal cells.
The mechanism of the observed sensitivity of NOS1 2/ 2 mice to thoracic and total-body irradiation and its correction by intraesophageal MnSOD-PL is unknown, but it may be attributable to their known abnormal enteric neuronal innervation, leading to pyloric stenosis and esophageal dilation (12, 19, 42, 49) . Since wild-type mice were protected from higher radiation doseinduced esophageal death by local administration of MnSOD-PL (26), we pursued this target organ as potentially being involved in the mechanism of thoracic radiosensitivity of NOS1 2/2 mice. We discovered that localized intraesophageal delivery by swallowed plasmid liposomes of the radioprotective MnSOD transgene product prior to thoracic or total-body irradiation of NOS1 2/2 mice restored their level of radioresponsiveness to that of wild-type mice. More extensive characterization of neuroenteric and esophageal function in irradiated NOS1 2/2 mice may reveal the control mechanism (50) . Further studies will be required to explain the mechanism of the intrinsic thoracic and total-body radiosensitivity of NOS1 2/2 mice and its reversal by intraesophageal MnSOD-PL radioprotective gene therapy.
